The preparation and properties of the first strontium-manganese molecular complex are described. Variable-temperature and -field dc magnetization (M) data were collected in the 1.8-10 K and 0.1-4.0 T ranges and fit by matrix diagonalization methods to give S ) 9/2, D ) -0.50(5) cm -1 , and g ) 1.88(10), where S is the ground-state spin and D is the axial zero-field splitting parameter. Magnetization versus dc field sweeps at various temperatures and scan rates exhibited hysteresis loops, confirming 1 to be a new single-molecule magnet. Because complex 1 is the initial molecular example of intimately associated Mn and Sr atoms, Sr EXAFS studies have been performed for the first time on a synthetic Sr-containing molecule. This has also allowed comparisons with the EXAFS data on the Sr-substituted water oxidizing complex (WOC) of Photosystem II (PS II), which contains a SrMn 4 complex.
Introduction
Molecular manganese carboxylate cluster chemistry continues to attract a lot of attention from many groups around the world. The reasons for this are many, but the two most important ones are the relevance of the chemistry of this metal to Mn bioinorganic chemistry and to the ongoing efforts to develop new routes to nanoscale magnetic materials. The latter area primarily involves the synthesis of singlemolecule magnets (SMMs), which are molecules that retain their magnetization below a blocking temperature (T B ) in the absence of an applied field.
1,2 This thus represents a molecular, "bottom-up" approach to nanoscale magnets, complementary to the standard "top-down" approaches to nanoparticles of traditional magnetic materials such as certain metals and metal oxides. For a molecule to function as an SMM, it must possess a large ground-state spin (S) and a negative (easy-axis or Ising) magnetoanisotropy (D). Together, these provide a barrier to relaxation of the magnetization vector whose upper limit is given by S 2 |D| and (S 2 -¼)|D| for integer and half-integer spins, respectively. Several classes of SMMs are now known, 3 most of them being Mn IIIcontaining species, since the Jahn-Teller distortion of this oxidation state represents a major source of the molecular anisotropy. Nevertheless, there is a continuing need to identify new SMMs, either by developing methods to modify known structural types or by synthesizing completely new ones, or both. Such an expansion of the number of known SMMs types is important in order to improve our understanding of this interesting phenomenon.
In the bioinorganic field, the water oxidizing complex (WOC) in Photosystem II (PS II) catalyzes water oxidation to O 2 gas in green plants and cyanobacteria. 4, 5 The WOC is an oxide-bridged CaMn 4 cluster containing primarily Mn III and Mn IV ions and mainly carboxylate peripheral ligation. It requires Ca 2+ for activity, 6 and Ca EXAFS (extended X-ray absorption fine structure) studies have revealed a Mn · · · Ca separation of ∼3.4 Å. 7 Also studied by many groups is the Sr 2+ -substituted WOC, 8, 9 Sr being the only metal that can substitute for the Ca 2+ with major retention of activity (∼40%); 8 a corresponding Mn · · · Sr separation of ∼3.5 Å has been detected by Sr EXAFS studies. 9 Recent crystallographic studies on the PS II reaction center of the cyanobacterium Thermosynechococcus elongatus at 3.5 Å 10 and 3.0 Å 11 resolution, and more recent polarized EXAFS studies have confirmed the WOC to be a mixed-metal Mn 4 Ca complex. 12 Although there is some uncertainty about the extent of any radiation damage during X-ray data collection, 11, 13 there is little doubt overall that the WOC is heterometallic. 10, 11 In the present work, we have sought new Mn clusters that might be SMMs by incorporating the large group 2 metal, strontium. This follows on from our recent work in mixedmetal Ca/Mn studies reported elsewhere, 14a which provided the first example of an intimately associated molecular Ca/ graphite monochromator utilizing Mo KR radiation (λ ) 0.71073 Å). A suitable crystal of 1 · 12MeCN was attached to a glass fiber using silicone grease and transferred to a goniostat, where it was cooled to 173 K for data collection. An initial search of reciprocal space revealed a triclinic cell; the choice of space group P1 was confirmed by the subsequent solution and refinement of the structure. Cell parameters were refined using up to 8192 reflections. A full sphere of data (1850 frames) was collected using the ω-scan method (0.3°frame width). The first 50 frames were remeasured at the end of data collection to monitor instrument and crystal stability (maximum correction on I was <1%). Absorption corrections by integration were applied based on measured indexed crystal faces. The structures were solved by direct methods in SHELX-TL6, 18 and refined on F 2 using full-matrix least-squares. The non-H atoms were treated anisotropically, whereas H atoms were placed in calculated, ideal positions and refined as riding on their respective C atoms.
The asymmetric unit contains the complete SrMn 14 cluster and 12 MeCN molecules of crystallization. The latter were badly disordered and could not be modeled properly, thus program SQUEEZE, 19 a part of the PLATON 20 package of crystallographic software, was used to calculate the solvent disorder area and remove its contribution to the overall intensity data. A total of 1750 parameters were refined in the final cycle of refinement using 35042 reflections with I > 2σ(I) to yield R 1 and wR 2 of 8.96 and 20.69%, respectively. Unit cell and structure refinement data are listed in Table 1 .
EXAFS Studies. X-ray absorption spectroscopy (XAS) was performed at the Stanford Synchrotron Radiation Laboratory (SSRL) on beamline 9-3 at an electron energy of 3.0 GeV with an average current of 70-90 mA. The radiation was monochromatized by a Si(220) double-crystal monochromator. The intensity of the incident X-ray beam was monitored by a N 2 -filled ion chamber (I 0 ) in front of the sample. XAS samples were made by carefully grinding 5-10 mg of compound and diluting it with a 10-fold excess of boron nitride. The mixture was packed into 0.5 mm thick sample holders and sealed with Mylar windows. The data were collected as fluorescence-excitation spectra with a Lytle detector. 21 Energy was calibrated by the pre-edge peak of KMnO 4 (6543.3 eV) for Mn XAS, and by the edge peak of strontium acetate (16120 eV) for Sr XAS. The standards were placed between two N 2 -filled ionization chambers (I 1 and I 2 ) after the sample. The X-ray flux at 16-17 keV was between 2 and 5 × 10 9 photons s -1 mm -2 of the sample. The monochromator was detuned at 6600 eV to 50% of maximal flux to attenuate the X-ray second harmonic. Samples were kept at a temperature of 10 K in a liquid helium flow cryostat to minimize radiation damage. Data reduction is only briefly summarized here:
22 after conversion of background-corrected spectra from energy space to photoelectron wave vector (k) space, and weighted by k 3 , a four-domain spline was subtracted for a final background removal (see the Supporting Information).
Other Studies. Infrared spectra were recorded in the solid state (KBr pellets) on a Nicolet Nexus 670 FTIR spectrometer in the 400-4000 cm -1 range. Elemental analyses (C, H and N) were performed by the in-house facilities of the University of Florida Chemistry Department. Variable-temperature dc and ac magnetic susceptibility data were collected at the University of Florida using a Quantum Design MPMS-XL SQUID susceptometer equipped with a 7 T magnet and operating in the 1.8-300 K range. Samples were embedded in solid eicosane to prevent torquing. Magnetization vs field and temperature data were fit using the program MAG-NET. 23 Pascal's constants were used to estimate the diamagnetic correction, which was subtracted from the experimental susceptibility to give the molar paramagnetic susceptibility ( M ). Studies at ultralow temperatures (<1.8 K) were performed on single crystals at Grenoble using an array of micro-SQUIDs. 24 The high sensitivity of this magnetometer allows the study of single crystals on the order of 10 to 500 µm; the field can be applied in any direction by separately driving three orthogonal coils.
Results and Discussion
Synthesis. We recently began seeking synthetic routes to Ca/Mn, Sr/Mn and Ln/Mn (Ln ) lanthanide) heterometallic complexes, and initial results from this effort have been very satisfying. 14a,3f 
yield (based on Mn). The Mn 4 :Sr ratio of 1:1 was directed at a Mn 4 Sr product as would be present in the WOC, and the small amount of MeOH was necessary to ensure solubility of Sr(ClO 4 ) 2 . However, the absence of any chelating agents in the reaction solution allowed any smaller nuclearity intermediates to aggregate further and yield the Mn 14 Sr product 1; reactions with added chelates such as 2,2′-bipyridine are under investigation. The reaction mixture is almost certainly a complicated mixture involving fragmentation, aggregation and redox processes, and the attainment of complex 1 in good yield and purity is undoubtedly facilitated by its crystallization directly from the reaction mixture. The presence of MeOH is common in much of our recent work, 25 and not only ensures solubility of all reactants but serves to (potentially) provide bridging ligands. Indeed, 1 is a new addition to the growing class of methoxide-bridged mixed-metal species, 14a,3f although it should be added that 1 is the first mixed Sr/Mn molecular cluster of any type and with any ligation set.
Description of the Structure. A PovRay representation and a stereopair of 1 are presented in Figure 1 , and its labeled core is shown in Figure 2 . Selected interatomic distances are listed in Table 2 .
Complex 1 · 12MeCN crystallizes in the triclinic space group P1 with the SrMn 14 molecule in a general position. DC Magnetic Susceptibility Studies. Solid-state, variabletemperature magnetic susceptibility measurements were performed on vacuum-dried, microcrystalline samples of complex 1, restrained in eicosane to prevent torquing. The dc magnetic susceptibility ( M ) data were collected in the 5.00-300 K range in a 1 kG (0.1 T) field, and they are plotted as M T vs T in Figure 3 . The M T at 300 K is 30.67 cm 3 mol -1 K, much lower than the 43.38 spin-only value (g ) 2) expected for a cluster comprising thirteen Mn III and one Mn II noninteracting ions, indicating extensive intramolecular antiferromagnetic interactions. The M T steadily decreases further with decreasing temperature and finally reaches 10.51 cm 3 mol -1 K at 5.00 K, suggesting a small (but nonzero) ground-state spin, S. This was identified by collecting variable-temperature and -field magnetization (M) data in the 1.8-10 K and 0.1-4.0 T ranges. The data are plotted as reduced magnetization (M/Nµ B ) versus H/T in Figure 4 and fit, using the program MAGNET, 23 by matrix diagonalization assuming only the ground-state is populated, incorporating axial anisotropy (DŜ z 2 ) and Zeeman terms, and employing a full powder average. The corresponding Hamiltonian is given by eq 1
where D is the axial anisotropy constant, µ B is the Bohr magneton, Ŝ z is the easy-axis spin operator, g is the electronic g factor, and µ 0 is the vacuum permeability; the last term is the Zeeman energy associated with an applied magnetic field. The fit parameters were S ) 9/2, g ) 1.88, and D ) -0.50 cm -1 . The D value of -0.5 cm -1 is consistent with the complex having predominantly Mn III ions, and the g < 2 is as expected for Mn. When data collected at fields >4.0 T were included, a satisfactory fit could not be obtained. This is a common problem in high nuclearity Mn clusters, especially ones that contain Mn II atoms, as a result of lowlying excited states; the fitting procedure assumes only a single state is occupied. Thus, we used for the fit only data collected at small fields, and a satisfactory fit was obtained (Figure 4 ) with the fit parameters given above.
To assess the precision of the fit parameters, the root-meansquare error surface for the fit was generated as a function of g and D using the program GRID. 27 The obtained error surface is depicted in the Supporting Information ( Figure  S1 ) as a 2-D contour plot, and the single minimum is observed at g ) near this minimum is rather soft (poorly defined) with an elongated contour line describing the region from D ) -0.45 to -0.55 cm -1 and g ) 1.85 to 1.91. This, together with the intrinsic uncertainties in determining D and g values from bulk magnetization data lead us to estimate the uncertainties in the fit parameters as D ) -0.50(5) cm -1 and g ) 1.88(10). Although 1 has a relatively small ground state of S ) 9/2, the large D value of -0.5 cm -1 , which is comparable to Mn 4 28 and Mn 12 SMMs, 2 suggested that the barrier to magnetization relaxation might be large enough for 1 to function as an SMM. The S and D values suggest an upper limit to the barrier (U) to magnetization reversal of U ) (S 2 -¼)|D| ) 10 cm -1 ) 14 K, 1 although the actual, effective barrier (U eff ) will be smaller due to quantum tunneling of the magnetization (QTM). Thus, AC susceptibility measurements were performed to investigate whether 1 might be an SMM or not.
AC Magnetic Susceptibility Studies. AC studies were performed in the 1.8-10 K range in a zero DC field and a 3.5 G AC field oscillating at frequencies in the 10-1000 Hz range. A decrease in the ac in-phase ( M ′) susceptibility signal and a concomitant increase in the out-of-phase ( M ′′) signal are indicative of the onset of the slow, superparamagnet-like relaxation of SMMs.
1,2 The data for complex 1 ( Figure 5 ) exhibit below 3 K the frequency-dependent tails of M ′′ signals whose peak maxima clearly lie at temperatures below the operating minimum of our SQUID magnetometer (1.8 K). These M ′′ signals are accompanied by a concomitant frequencydependent decrease in the in-phase signals (shown as M ′T).
In the absence of slow relaxation, the ac in-phase M ′T signal should be equal to the dc M T, and this provides an additional, independent means of obtaining the ground state S value without the potential complications of an applied dc field. Figure 5 shows that M ′T is decreasing at temperatures <10 K, consistent with the depopulation of excited states with S greater than that of the ground state. Below ∼6 K, the line begins to slope more steeply and then drops rapidly below 3 K as a result of slow relaxation effects, consistent with the concomitant appearance of frequency-dependent outof-phase M ′′ signals (Figure 5, bottom) . Some of the decrease in M ′T in the 3-6 K region is likely due to weak intermolecular interactions. Thus, we extrapolated the plot from above 6 K down to 0 K, where only the ground-state would be populated, and this gave M ′T ≈ 10.5 cm 3 mol
K. This is in satisfying agreement with the S ) 9/2 and g ) 1.88 value obtained from the dc magnetization fit, which predicts M ′T ) 10.9 cm 3 Kmol -1 . Note that an S ) 7/2 or 11/2 ground-state would give a M ′T of 6.96 or 15.8 cm 3 mol -1 K, respectively, for g ) 1.88 (or M ′T ) 7.9 or 17.9 cm 3 mol -1 K, respectively, for g ) 2.0), both in disagreement with the experimental data in Figure 5 . The AC data thus provide an independent confirmation of an S ) 9/2 ground state for complex 1.
Hysteresis Studies below 1.8 K. The frequency-dependence in the M ′T and M ′′ signals below 3 K in Figure 5 suggested that complex 1 might be a SMM. To explore this further, we collected magnetization versus applied DC field data down to 0.04 K on single crystals of 1 · 12MeCN, which had been kept in contact with their mother liquor, using a micro-SQUID instrument, with the field approximately along the easy axis (z axis) of the molecule. 24 Magnetization vs field hysteresis, the diagnostic property of a magnet, was indeed observed below 1.3 K (Figure 6 ). The hysteresis loops exhibit increasing coercivity with increasing field sweep rate at a constant temperature (Figure 6, bottom) , and increasing coercivity with decreasing temperature at a constant sweep rate (Figure 6, top) , as expected for the superparamagnetlike properties of a SMM. These loops thus confirm complex 1 to be a new addition to the family of SMMs. The blocking temperature (T B ) is ∼1.4 K, above which there is no hysteresis.
The most dominating feature of the hysteresis loops in Figure 6 is the large step at zero field due to quantum tunneling of the magnetization (QTM) through the anisotropy barrier, with a second step at ∼1 T. The large zero-field step indicates that QTM in zero field is fast, and this in turn is consistent with the low symmetry of the molecule, which introduces a nonzero rhombic (transverse) anisotropy into the spin Hamiltonian i.e.
, where E is the rhombic First Strontium-Manganese Cluster zero-field splitting parameter. The greater is the transverse anisotropy, the greater will be the mixing of levels on either side of the anisotropy barrier, leading to increased rates of QTM. The fast relaxation at zero field precludes magnetization decay vs time studies to provide relaxation rate vs T kinetic data; we cannot therefore construct an Arrhenius plot from which could be determined the effective barrier to magnetization relaxation, U eff . Sr EXAFS Spectroscopy. Complex 1 is the first molecular Sr/Mn complex and the opportunity was therefore taken to characterize the EXAFS signature of a Sr atom in a structurally characterized mixed-metal, oxide-bridged Sr/Mn complex. This also makes such data available for comparison with analogous data on the Sr-substituted WOC, a Sr/Mn/O species. As stated earlier, Sr EXAFS studies on the latter indicate a Sr · · · Mn separation of ∼3.5 Å, very slightly longer than the ∼3.4 Å Ca · · · Mn separation in the native WOC.
9,7
The Sr K-edge EXAFS (k 3 -weighted) spectra of 1 and Srsubstituted WOC in the resting (S 1 ) state 9a are shown in Figure 7 (top), and the Fourier transforms in Figure 7 (bottom). Each peak in the FT spectrum indicates a radial distribution of atoms surrounding the Sr atoms in 1 and appears at distances shorter than the actual Sr-backscatterer distances due to an average phase shift induced by the potentials of the given absorber-scatterer pair on the photoelectron. The first Fourier peak is from the first shell of ligands about Sr (O and/or N backscatters) , and the second Fourier peak is from Sr · · · Mn separations. Although there are three of the latter (3.3, 3.7, and 3.9 Å) in 1, only the shorter vectors (3.3 and 3.7 Å) are the dominant feature in the FT peak. The second peak of the PS II spectrum (black) in Figure 7 (bottom) is clearly shifted to a longer distance compared to 1, which agrees with the fact that the Sr · · · Mn distance in Sr-substituted PS II was earlier reported to be 3.5 Å, 9a longer than the shortest Sr · · · Mn vector in 1 (3.3 Å). The higher intensity of the second peak in Sr-substituted PS II compared to the shoulder for complex 1 is likely due to the presence of more than one Sr · · · Mn interaction in the former, as suggested by recent crystallographic data on PS II, 11, 12 where three Ca · · · Mn separations were postulated. The Fourier peaks I and II were isolated separately and simulated with Sr-ligand (2.5-2.7 Å) and Sr · · · Mn (>3.3 Å) distances (see the Supporting Information, Table S1 ). Fit I-1 of Table S1 attempts to fit peak I with only Sr-O interactions, while Fit I-2 includes both Sr-O and Sr-N interactions. A noticeable improvement in fit quality was observed when peak I was fit using the coordination number (N) from the crystal structure data. The coordination number of Sr deviates from the true N (six Sr-O and two Sr-N bonds) by less than 10% when unconstrained. Peak II, which clearly contains at least two components, was fit to multiple Sr · · · Mn distances; as stated above, there are three Sr · · · Mn interactions (3.3, 3.7, and 3.9 Å) in the crystal structure. If complex 1 was treated as an unknown structure with twoshell Sr · · · Mn interactions (Fit II-1), the total N value (N ) 1.4 for 3.34 Å, and N ) 1.2 for 3.72 Å) is between 2 to 3, indicating at least two Sr · · · Mn interactions. Increasing the number of shells from two to three (Fit II-2) with fixed N values obtained from the crystal structure data significantly improved the fit quality. In comparison to 1, the second peak of the Sr-substituted PS II S 1 state shows a single FT peak (Top) k 3 -weighted Sr K-edge EXAFS spectra of Mn14Sr complex 1 (red) and Sr-reactivated PS II samples in the S 1 state (black). 9a (Bottom) Fourier transforms of the averaged Sr K-edge EXAFS spectra for complex 1 (red) and Sr-reactivated PS II samples in the S 1 state (black). 9a at 3.5 Å. 9a This was best fit to two Sr · · · Mn interactions (N ) 2) with similar fitting parameters (σ 2 and S 0 2 ). The structure of 1 contains several subfragments of potential relevance to the species in the Sr-substituted WOC. Table 2 , and some are also shown in Figure 8 (F and G) . Although the study by Ferreira et al. at 3.5 Å suggests 10 that the WOC might have a CaMn 3 O 4 cubane linked to a fourth Mn atom, the earlier X-ray studies at 3.8 and 3.7 Å resolution postulated 29 that the four Mn ions are arranged in a "3 + 1" (i.e., open-cubane) fashion. Thus, the subunits of 1 in Figure 8 (A and B) have some intriguing similarity to the structural models proposed from the crystallographic studies of the WOC S 1 state. Another view of one of these subunits ( Figure 8B ) is shown in Figure  8C , highlighting the SrMn 3 pyramid (green lines) connected to the extrinsic Mn9. This arrangement of metal atoms is comparable to the most recent crystallographic study of the S 1 state of the WOC of PS II at 3.0 Å in which the aforementioned model was proposed.
11
Last year, a new set of models for the WOC was proposed based on polarized EXAFS and X-ray diffraction data. 12 Figure 8 (D and E) show subunits within 1 that correspond to ones in this proposed structure of the WOC. 12 Figure 8D contains two rhombs (Sr1, O30, Mn7, O50, and Sr1, O15, Mn6, O50), which are fused along the Sr1-O50 bond. These rhombs contain monoatomic di-µ-oxide-bridges (O30, O15) between the Sr and Mn. More intriguingly, Figure 8E depicts a distorted tetrahedral subunit containing a single-atom oxide bridge (O37) between the Sr and Mn ions, exactly as proposed in the most recent WOC model, 12 wherein the Ca atom is similarly linked to three Mn atoms. It is thus perhaps not surprising that the FT peak positions and the intensity observed in the Sr EXAFS spectrum for 1 in Figure 7 bear some similarity to those of the S 1 state of PS II, because it is possible that the local ligand and structural environment that the Sr atom of complex 1 finds itself in might well be very similar to that of the Sr atom in the biological site, even though, of course, the overall nuclearity of the SrMn 14 complex is much higher than that of the native site.
We also carried out Mn EXAFS studies on complex 1, and these data, pertinent figures, and discussion are available in the Supporting Information.
Summary and Conclusions
The first molecular Sr/Mn complex has been synthesized via a straightforward procedure starting employing easily obtained starting materials. Complex 1 is of metal nuclearity SrMn 14 and has an S ) 9/2 ground state, as well as significant magnetoanisotropy as reflected in an axial ZFS parameter, D, of magnitude -0.5 cm -1 . These two facts together lead to 1 possessing a sufficient barrier to magnetization relaxation to exhibit slow relaxation rates at low temperatures and thus to be a new member of the growing family of single-molecule magnets (SMMs). This was confirmed by observation of hysteresis loops in magnetization vs applied dc field scans. The fact that 1 is the first molecular Sr/Mn complex is also of some interest from a bioinorganic viewpoint. Because it contains a single Sr atom, Sr EXAFS studies have been carried out, and these have allowed some comparisons with those on Sr- First Strontium-Manganese Cluster substituted WOC samples. The overall conclusion is that the local Sr environment in the model complex 1 has some similarities, but also differences, with that of the biological site. In any event, it is useful to finally have some Sr EXAFS data available on a structurally characterized oxide-bridged Sr/Mn complex to act as a benchmark for this technique.
